Gene therapy requires the presence of a robust and yet small promoter to drive high-level expression of desired proteins. In comparative analysis, we investigated the promoter strength of the CTP:phosphocholine cytidylyltransferase promoter (CCT␣) with other commonly used promoters, which were all cloned into a similar background vector (PGL3 basic). Transient promoter-reporter assays in murine lung epithelial (MLE-12) cells revealed that the core CCT␣ promoter (240 bp) was observed to exhibit a 40-fold, 8-fold, and 3-fold higher level of activity compared with the simian virus 40, human cytomegalovirus, and Rous sarcoma virus promoters, respectively. The CCT␣ promoter was significantly more active than the Clara cell 10, thymidine kinase, and phosphoglycerate kinase promoters. This pattern of high-level expression for CCT␣ was detected primarily in cell lines of distal lung epithelial origin (MLE-12, RLE, H441) and was reduced in other cell lines (A549, CHO, HepG 2). CCT␣ promoter-reporter activity, CCT␣ transcript levels, and immunoreactive protein levels increased significantly in the presence of all-trans retinoic acid. The CCT␣ promoter, in a retinoic acid-inducible manner, efficiently directed expression of murine erythropoietin in MLE-12 cells. Collectively, these observations suggest that the CCT␣ construct might be useful to drive high-level, regulatable expression of heterologous proteins in alveolar epithelia.
High-level, sustained transgene expression appears to be a key factor in achieving successful gene therapy for genetic diseases. This requires the inclusion of a targeted and highly efficient promoter to drive expression of the gene of interest. For optimal gene expression, the exogenous DNA must often include a polyadenylation signal, relevant tissuespecific enhancers, and a core promoter of sufficient strength. In addition, these DNA constructs often need to be small enough to incorporate into newer viral vectors, such as adeno-associated virus (AAV), which have recently attracted interest in the field of gene therapy (1, 2). AAV's relatively small packaging capacity of ‫0.5ف‬ kB underscores the importance of identifying small promoters that have unique DNA regulatory elements and yet exhibit robust ( Received in original form January 17, 2003 and in revised form June 13, 2003) activity allowing for efficient DNA packaging and highlevel transgene expression (3, 4) .
Currently available promoters used to drive expression of foreign proteins include sequences from viruses such as the cytomegalovirus (CMV) immediate early genes, simian virus 40 (SV40), Rous sarcoma virus (RSV), and adenovirus (5) (6) (7) (8) . In vivo transgene expression appears to be of limited duration with some of these promoters. Promoters derived from several mammalian genes may extend transgene expression in vivo or in vitro (6, 9) . Some of these promoters are chimeras or cAMP regulatable and thus provide potentially novel approaches for expression of desired proteins (10) (11) (12) . Despite these strategies, the identification of promoters that sufficiently drive transgene expression in vivo and yet allow for efficient packaging into smaller viral vectors represents a significant challenge.
CTP:phosphocholine cytidylyltransferase (CCT) is a key regulatory enzyme required for phosphatidylcholine (PtdCho) synthesis. The enzyme catalyzes a slow reaction in all eukaryotic cells converting cholinephosphate to cytidine diphosphocholine (CDP-choline) via the Kennedy pathway (13) . Although CCT is a ubiquitous, essential enzyme, relatively high activities are detected in the lung and within alveolar type II epithelial cells relative to other tissues as the lung is actively involved in the generation of PtdCho, the major phospholipid component of pulmonary surfactant (14) (15) (16) . Accordingly, pharmacologic or genetic maneuvers directed at upregulating CCT activity are associated with increased surfactant PtdCho levels, whereas genetic defects in CCT expression may result in apoptosis (17) (18) (19) (20) .
Three CCT isoforms exist in cells: CCT␣, CCT␤1, and CCT␤2. All CCT isoforms are catalytically active, and CCT␣ is the predominant species in mature alveolar epithelia (21, 22) . CCT␣ was purified to homogeneity over a decade ago (23) . Subsequently, CCT␣ cDNAs from several species were cloned (24) (25) (26) . The genomic organization of murine CCT␣ has been recently determined: it spans 40 kB, has two transcription start sites, and the 5Ј flanking region lacks TATA or CAAT boxes but contains GC-rich regions typical of promoters found in housekeeping genes (27) . Transcriptional analysis indicates that the proximal 5Ј terminal ‫ف‬ 200-bp sequence contains consensus elements for several ubiquitous transcription factors (28, 29) . Recent studies in our laboratory have determined that the core promoter is localized to a relatively small DNA sequence ‫ف(‬ 200 bp), exhibits robust activity, and is further induced by the presence of a putative sterol-regulated enhancer located between -156 and -147 bp (30) . Thus, these observations led us to hypothesize that the CCT␣ promoter might direct high-level, regulatable expression of transgenes in vitro. In the present study, we investigated the ability of the core CCT␣ promoter to drive transgene expression using transfectional analysis with promoter-reporter constructs. In comparative analysis, the CCT␣ promoter was more active than other commonly used promoters in alveolar epithelial cell lines. In addition, the CCT␣ core sequence was sufficient to drive high-level expression of the heterologous protein, murine erythropoietin, in lung epithelial cells.
Materials and Methods

Materials
The A549, CHO, H441, HepG2, RLE, and murine lung epithelial (MLE-12) cell lines were purchased from American Type Culture Collection (Manassas, VA). Briefly, the A549 was originally derived from a human lung adenocarcinoma, the CHO cell line was derived as a subclone from an ovary of an adult Chinese hamster, and the H441 cell line was established from a papillary lung adenocarcinoma; the HepG2 line was from a hepatocellular carcinoma, the RLE (rat lung epithelial-T-antigen negative) cell line originated from spontaneous immortalization of alveolar type II epithelial cells, and the MLE line originated from pulmonary tumors in a mouse transgenic for the SV40 large T antigen under control of the human surfactant protein C gene promoter region. The luciferase plasmids, pGL3-basic, pGL3-promoter (harboring the SV40 promoter), and pSV-␤-Gal and luciferase assay system were purchased from Promega (Madison, WI). The pBK-CMV plasmid was purchased from Stratagene (La Jolla, CA). The ploxPneo-1 plasmid was a gift from Dr. A. Nagy (Dept. of Molecular and Medical Genetics, University of Toronto, Toronto, ON, Canada [31] ), pGL2-CC10 was a gift from Dr. E. Morrisey (Dept. of Medicine, University of Pennsylvania, Philadelphia, PA [32] ), and pcDNA3.1-erythropoietin was provided by Dr. J. Zabner (Dept. of Internal Medicine, the University of Iowa, Iowa City, IA). The polyclonal antibody to murine erythropoietin was purchased from R&D Systems (Minneapolis, MN) and the rabbit polyclonal CCT antibody against synthetic peptide was generated as described (21) . All restriction enzymes were purchased from New England Biolabs (Beverly, MA). The pREP4 and pCR4-TOPO plasmids and Escherichia coli Top10 competent cells were obtained from Invitrogen (Carlsbad, CA), and the FuGENE6 transfection reagent was purchased from Roche Diagnostics (Indianapolis, IN). The Geneclean2 Kit was obtained from Bio101 (Carlsbad, CA). The luciferase assay system was obtained from Promega, and the Galacto-light plus kit was from TROPIX (St. Louis, MO). The all-trans-retinoic acid and TriReagent were purchased from Sigma Chemical Co. The Advantage cDNA polymerase was from Clontech, (Palo Alto, CA). All DNA sequencing was performed by the University of Iowa DNA core facility. Luciferase and ␤-galactosidase activities were determined using a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA).
Cell Culture
A549 cells and CHO cells were maintained in minimal essential medium (MEM) supplemented with 10% fetal bovine serum (FBS). The H441 cells and MLE-12 cells were grown in Dulbecco's Modified Eagle's Medium: nutrient mixture F-12 (DMEM/F12) with 2% FBS and HepG2 cells were grown in similar medium but supplemented with 10% FBS. All cell cultures were incubated at 37ЊC with 5% CO 2 . The RLE cells were grown in Ham's F12 medium containing 2 mM L-glutamine and 10% FBS.
Plasmid Construction of pGL3-CMV, pGL3-RSV, and pGL3-TK
Commercially available plasmids pBK-CMV and pREP4 vector were used as templates for polymerase chain reaction (PCR) amplification of the CMV, RSV, and TK promoters. Primers used for amplification of CMV, RSV, and TK promoters were: 5Ј CMV primer, actcgagcta gcggatctgacggttc; 3Ј CMV primer, agatctcggg gtcattagtt catagg; 5Ј RSV primer, actcgaactctcagtacaatctgctc; 3Ј RSV primer, agatctggcg tttattgtat cgagc; 5Ј TK primer, actcgagtttgctggcggtgtcc; and 3Ј TK primer, agatctgcagggtcgctcggtgttc. An Xho1 site was added to the end of all 5Ј primers, whereas a BgILL site was added to the end of all 3Ј primers to allow for convenient cloning into pGl3-basic.
PCR was performed using Advantage cDNA polymerase and the following profile: 94ЊC for 2 min, then 94ЊC for 30 s, and 68ЊC for 3 min for a total of 18 cycles. The resulting PCR products (CMV, RSV, and TK fragments) were ligated into the pCR4-TOPO vector before transformation into E. coli-competent cells. The CMV (590 bp), RSV (571 bp), and TK (163 bp) fragments were then directionally subcloned into the pGL3-basic vector using BglII and Xho1 sites. All promoter sequences and orientation were confirmed by DNA sequencing.
Plasmid Construction of pGL3-CCT, pGL3-CC10, and pGL3-PGK
The murine CCT␣ core promoter fragment (Ϫ169/ϩ71) was generated using PCR as described using the following primers: 5Ј-agcgttcggctcagtcac-3Ј (left) and 5Ј-tcaactcctccaggctcc-ggt-3Ј (right) (33) . The cloned fragment included the proximal 5Ј flanking region, two adjacent transcription start sites, and up to 71 nt of the first exon corresponding to the 5Ј untranslated region of the mouse CCT␣ transcript (28) . This fragment was then directionally cloned into pGL3 basic. The CC10 promoter fragment was removed from pGL2-CC10 and also cloned into pGL3-basic using Kpn1 and Xho1 sites. Likewise, the PGK promoter fragment was excised from the ploxPneo-1 plasmid and cloned into pGL3-basic using Sma1 and Xho1 restriction sites. These promoter sequences and orientation were also confirmed by DNA sequencing.
Transfectional Analysis
Newly constructed pGL3-CMV, pGL3-RSV, pGL3-TK, pGL3-CC10, pGL3-PGK, pGL3-CCT, and the pGL3-promoter (SV40) plasmids were used for subsequent transient transfection experiments. Cells maintained in growth medium were harvested using 0.25% trypsin plus 0.1% EDTA, plated into 12-well tissue culture dishes and allowed to reach ‫ف‬ 80% confluence before transient transfection. Transfections were performed for 120 min in 0% FBS medium using Fugene 6 reagent and 0.75 g/well of test plasmid and 0.25 g/well of pSV-␤-gal, which was used to control for transfection efficiency. Levels of endogenous ␤-galactosidase were negligible in cell lines studied. Immediately after transfections, cells were transferred to medium containing FBS and allowed to recover for various times before cell lysates were harvested in reporter lysis buffer for analysis of luciferase and ␤-galactosidase activities. In some studies, cells were exposed to 1 M all transretinoic acid for 3-30 h after a 12-h recovery before analysis of reporter activity.
Detection of CCT Transcripts Using Real-Time PCR Analysis
Total cellular RNA from MLE cells was obtained using Tri-Reagent. Taqman reverse transcription reagents (Applied Biosystems) were used to generate cDNA from cellular RNA. Real-time PCR was then performed on cDNA using the Applied Biosystems 7,700 real-time PCR instrument and the Taqman Universal PCR master mix. CCT␣ mRNA detection primers were: 5Ј primer, cctggaaatg tttggtccaga; 3Ј primer, ctctgcttgg gactgatgg. The Fam-labeled probe was: agggaaaagg tcggatgctg cagg. Taqman rodent GAPDH control regents (VIC probe) were used as the internal control. Standard curves were generated for CCT␣ and compared with GAPDH using serial dilutions of mRNA and found to be linear from 0.08-50 ng RNA in the reaction mixture. This range included effective concentrations used in experiments to quantitatively detect CCT␣ transcripts.
Heterologous Expression of Murine Erythropoietin in Lung Epithelia
To determine if the CCT␣ promoter could efficiently drive expression of a heterologous protein in vivo, a pcDNA-CCT-erythropoietin expression vector was constructed by the following steps. First, CCT␣ was amplified by PCR using pGL3-CCT240 as a template with the 5Ј primer gactagtagc gttcggctca gtcac containing a Spe1 site and the 3Ј primer caagctttca actcctccag gctc containing a HindIII site. Second, the CMV promoter of pcDNA3.1-erythropoietin was removed by digestion with Spe1/Hind3 and replaced by the CCT240 promoter fragment. The newly constructed pcDNA-CCTerythropoietin expression vector was verified by DNA sequencing.
Immunoblot Analysis
For immunoblot analysis, equal amounts of protein from cell homogenates were used. Each sample was adjusted to give a final concentration of 60 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.1% bromphenol blue, and 5% ␤-mercaptoethanol, and heated at 100ЊC for 5 min. Samples were then electrophoresed through a 10% SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. Murine erythropoietin and immunoreactive CCT␣ were detected by using a 1:1,000 dilution of primary antibody and an ECL Western blotting detection system as instructed by the manufacturer.
Statistical Analysis
Data are present as means Ϯ SEM. Statistical significance was accepted at the P Ͻ 0.05 level by unpaired t test and ANOVA for multiple group analysis.
Results
Comparative Analysis of Viral and Mammalian Promoters
The core CCT␣ promoter containing 240 nt (Ϫ168/ϩ71) was compared with other commonly used viral and mammalian promoters for luciferase activity. To make valid comparisons of between individual promoters, we cloned all promoters into the same expression vector system (pGL3). The CCT␣ promoter exhibited a 40-fold, 8-fold, and 3-fold higher level of luciferase activity compared with the SV 40, human CMV, and RSV promoters, respectively, when studied within MLE cells ( Figure 1A) . When compared in head-to-head studies with mammalian promoters, the CCT␣ promoter also showed robust luciferase activity whereas minimal activity was detected for the CC10, PGK, and TK promoters ( Figure 1B) . This high level of activity Transfections were conducted for 120 min in 0% medium using Fugene 6 reagent and 0.75 g/well of test plasmid and 0.25 g/ well of pSV-␤-gal, which was used to control for transfection efficiency. After transfections, cells were allowed to recover for 22 h before cell lysates were harvested for determination of luciferase and ␤-galactosidase activities. Promoter activities are represented as a ratio of luciferase/␤-galactosidase light units. Data are means Ϯ SEM of three independent experiments. *P Ͻ 0.001 for CCT␣ promoter activity versus activity of other promoters and **P Ͻ 0.05 for RSV promoter activity versus CMV and SV40 promoter activities as determined by ANOVA.
was significantly reduced after deleting ‫ف‬ 100 bp of the proximal 5Ј flanking sequence of CCT␣ (data not shown). Additional studies were performed to assess the kinetics of promoter strength by assaying reporter activity at various times following plasmid transfection (Figure 2) . The CCT␣ and RSV promoters both exhibited a gradual increase in activity with a peak at 24 h. The temporal pattern of CCT␣ promoter-luciferase activity mirrored RSV promoter expression, but was greater in magnitude and more sustained versus RSV after 20 h of analysis. MLE cells rapidly reach confluence and undergo cell death 30 h after transfection, making long-term analysis (Ͼ 28 h) of promoter activity relatively prohibitive. When long-term analysis was performed in H441 cells, CCT␣ expression was detected up to 48 h (data not shown). Thus, the core CCT␣ sequence exhibits high-level constitutive activity in murine lung epithelial cells.
Cell Specificity of CCT␣ Promoter Activity
To determine whether high-level expression of CCT␣ promoter activity was a more widespread phenomenon, we Figure 2 . Kinetics of CCT promoter expression in MLE cells. The temporal expression of promoter strength between CCT␣ and RSV were determined in MLE cells. Cells were transfected with pGL3-based CCT␣ and RSV promoters as described in Figure 1 and harvested at various time points for determination of luciferase and ␤-galactosidase activities. Promoter activities are represented as a ratio of luciferase/␤-galactosidase light units. Data are means Ϯ SEM of three independent experiments. *P Ͻ 0.05 CCT␣ versus RSV promoter activities as determined by the t test. Circles, basic; squares, RSV; triangles, CCT.
tested activity in other cell types. In all cell lines tested, the CCT␣ promoter showed significantly greater activity than the empty (PGL3 basic) vector. In particular, both MLE and RLE cells expressed 30-to 50-fold greater promoter activity compared with PGL3 basic, and significantly greater activity compared with A549, CHO, and HepG2 cells (Figure 3) . These results indicate that CCT␣ promoter expression is relatively cell-specific, with highest activity in distal lung epithelia.
Regulation of the CCT Promoter
We tested whether CCT␣ promoter activity could be further stimulated by physiologic agents that are known to modulate gene expression. Retinoic acid upregulates activity of a variety of promoters and stimulates phosphatidylcholine synthesis (34) (35) (36) . Thus, we examined if retinoic acid might increase CCT␣ promoter activity in lung epithelial cells. MLE cells exposed to all trans-retinoic acid at 1 M retinoic acid for 3 h were determined to have a 2-fold induction of CCT␣ promoter activity compared with control ( Figure   Figure 3 . Cellular expression of CCT␣ promoter activity. Various cell lines (A549, CHO, H441, HepG2, RLE, and MLE) were transiently transfected with the 240-bp core CCT␣ promoter cloned into pGL3-basic. Cells were transfected as described in Figure 1 and harvested for determination of luciferase and ␤-galactosidase activities. Promoter activities are represented as a ratio of luciferase/␤-galactosidase light units. Data are means Ϯ SEM of three independent experiments. *P Ͻ 0.001 versus pGL3Basic promoter activities and † P Ͻ 0.01 CCT promoter activity in MLE and RLE cells versus activities in all other cells as determined by ANOVA. Open bars, basic; filled bars, CCT. 4A). In contrast, the retinoid had no effect on TK reporter activity. In separate studies, real-time PCR analysis revealed that retinoic acid treatment increased CCT␣ mRNA ‫ف‬ 3-fold compared with control at 24 h of analysis ( Figure 4B ). These changes in CCT␣ by retinoic acid were associated with an increase in levels of immunoreactive CCT␣ protein ( Figures  4C-4D) . Collectively, these results indicate that retinoic acid can stimulate CCT␣ expression by stimulating CCT␣ gene transcriptional activity.
Heterologous Expression of Murine Erythropoietin by the CCT Promoter
To complement studies of reporter analysis to assess promoter strength, we next examined whether the CCT␣ promoter was capable of driving expression of heterologous proteins. The CCT␣ promoter was cloned upstream of the murine erythropoietin transgene and the resulting construct, pcDNA3.1-CCT-Epo, was used to compare with the CMV promoter construct (pcDNA3.1-CMV-Epo) in transfectional studies. Surprisingly, a moderate amount of detectable endogenous erythropoietin was observed in MLE cells on immunoblots, which existed overwhelmingly as 117-kD trimers ( Figure 5 ). Cells transfected with the pcDNA3.1-CCT-Epo construct exhibited high-level expression of erythropoietin comparable in magnitude to cells transfected with the pcDNA3.1-CMV-Epo plasmid ( Figure 5A ). Cells transfected with pcDNA3.1-CCT-Epo also exhibited induction of erythropoietin protein levels in response to retinoic acid, whereas there was no effect of the agent on endogenous erythropoietin ( Figure 5B) . Thus, the CCT␣ promoter can effectively drive the expression of a transgene in lung epithelia in a retinoic regulated manner.
Discussion
A major factor influencing the level of expression of foreign genes is the strength of the chosen promoter (37, 38) . The purpose of this study was to examine the activity of the CCT␣ promoter in comparative analysis with several commonly used viral and mammalian promoters. We cloned these gene promoters into identical, enhancerless pGL3-basic luciferase backgrounds to allow for valid comparisons of reporter activity between individual constructs. Using these methods, we observed that the CCT␣ core promoter exhibits robust, inducible activity compared with other promot- ers, and that this activity is most prominently detected in cells of distal lung epithelial origin. When the murine erythropoietin gene was cloned downstream of the CCT␣ promoter, the protein was expressed at high levels, indicative of its ability to drive the synthesis of recombinant proteins.
Prior studies have generally indicated that the human CMV, SV40, and human elongation factor one-␣ (EF-1␣) promoters are among the strongest in mammalian cells (6, 39, 40) . Although highly active in vitro, transgene expression appears to be of limited duration in vivo with some of these promoters presumably due to promoter turnoff (6). To circumvent these limitations, recent approaches have incorporated heterologous enhancers into vectors to optimize gene expression (11, 12, 37) . We did not directly test CCT␣ promoter strength against these vectors harboring such enhancers, including the CMV-EF-1␣ enhancer or modified CMV constructs that are commercially available (12, 41) . Rather, when compared with the core CMV, RSV, and SV40 promoters cloned into pGL3 basic, our studies consistently demonstrated greater activity for CCT in reporter analysis. Not surprisingly, CCT␣ was also more active in MLE cells than TK, generally regarded as a minimal promoter, and CC10 and PGK, promoters that are active in hematopoietic cell lines (42-44) .
Some of the differences between the strength of the CCT␣ promoter and other promoters may be attributed, in part, to cell-specificity of expression. For example, in many cell types the CMV promoter is more active than RSV, although in MLE cells this was not the case (8, 45, 46) (Figure 1) . Further, the CC10 and PGK promoters are highly active in H441 and 293T cells, respectively, but were almost totally inactive in MLE cells (43, 44) . When tested in other cell lines, such as H441 and CHO, we observed that these promoters retained activity (data not shown). Moreover, unlike other promoters, the CCT␣ promoter exhibited significant activity in all cell lines tested; the greatest activity, however, was seen in RLE and MLE with lower expression detected in A549 and CHO cells. High-level CCT␣ promoter expression in RLE and MLE cell lines suggest that optimal promoter activity is seen in cells of distal lung epithelial or alveolar origin. The observation that CCT␣ promoter activity was highest in cell lines from distal lung epithelia is consistent with the enzyme's role in surfactant PtdCho biosynthesis in alveolar epithelial cells. Absence of comparable robust expression within A549 cells, originally derived from a human lung adenocarcinoma, was, however, somewhat unexpected. This may be attributed to either species differences, the malignant nature of A549 cells, or the fact that these cells exhibit some features more compatible with cells of proximal airway epithelial origin (47-51). Further, although these cells express some markers of distal (alveolar type II cell) lung phenotype, studies in our laboratory (data not shown) and by others show that these cells also have relatively low levels of surfactant PtdCho (52) . Although the CCT␣ promoter is ubiquitously expressed, high-level distal lung epithelial expression suggests that cellrestricted transactivating factors or coactivators that are not yet fully unidentified play a role in controlling gene activity. In this regard, we and others have shown that sterol-regulatory element binding proteins increase gene transcription in response to lipid deprivation (30, 53) . Our observations for high-level CCT␣ promoter activity in cells of alveolar origin resembles cellular expression of related promoters intimately involved in the biosynthesis of other key surfactant components. For example, cis-acting DNA elements contained within a 378-bp fragment, a 275-bp fragment, and a 215-bp fragment of the 5Ј flanking regions of the surfactant apoprotein A, surfactant apoprotein B, and surfactant apoprotein C genes, respectively, are sufficient to confer expression to alveolar epithelia (54) (55) (56) . It remains to be determined if the 240-bp fragment of the CCT␣ gene is sufficient to direct distal lung epithelial expression in vivo. Overall, these observations suggest that the CCT␣ promoter exhibits relatively broad cellular activity. Further, activity of various promoters is influenced largely by the availability of cellspecific transcriptional regulatory elements needed to support gene activation.
A new finding in our studies is that CCT␣ transcriptional activity is upregulated in response to all-trans retinoic acid. Regulatable genes modulated by heat, or by nutritional or pharmacologic factors such as retinoic acid, represent a potentially attractive feature of promoters used in gene therapy (34, 57, 58) . Our results showing activation of the CCT␣ gene by retinoic acid are consistent with prior studies demonstrating that retinoic acid promotes differentiation of alveolar epithelia and increases phosphatidylcholine synthesis (35, 36, 59) . Retinoic acid induction of CCT␣ protein and transcripts suggests that effects of this agent on phosphatidylcholine synthesis might be secondary to enhanced CCT␣ gene transcription (35, 36) . Retinoic acid regulation of other promoters is well described and appears to be mediated by transactivation of genes by retinoic acid receptor (RAR)-retinoid X receptor (RXR) heterodimers (60) (61) (62) . Database search of the CCT␣ sequence reveals that RAR-RXR consensus binding elements are not present in the CCT␣ promoter (28) . However, it has recently been shown that retinoic acid also activates genes via a consensus ␥-activated sequence (GAS) element which is present within the proximal 5Ј flanking region (Ϫ100/ϩ71) of the CCT␣ gene (63, 64) . Alternatively, it is possible that retinoic acid acts indirectly by regulating other DNA-binding partners that enhance CCT␣ gene transcription. Nevertheless, the results suggest that modulation of CCT␣ promoter activity by retinoic acid might serve as a complementary strategy to increase expression of heterologous proteins in vivo. In this regard, erythropoietin was highly expressed in a retinoic acid-regulated manner when the transgene was under control of the CCT␣ promoter. This effect was comparable to the level of induction driven by CMV. These results are notable because in these experiments we used a commercially available mammalian expression vector, pcDNA3.1, that contains the specific CMV enhancer-promoter region, a ␤-globin/IgG chimeric intronic enhancer, and an SV40 polyadenylation signal to enhance transgene expression. These cis-acting elements, however, may not have optimally activated the CCT␣ promoter. In fact, when we used the pGL3 luciferase system, which unlike pcDNA3.1 only allows for enhancer-independent promoter activity, CCT␣ promoter activity was greater than CMV. To examine whether these findings for CCT␣ promoter activity are replicated in vivo, in preliminary studies we have generated CCT␣ promoter-reporter transgenic mice that harbor ‫ف‬ 2 kb of the proximal 5Ј flanking region of the CCT␣ gene that exhibit high-level, sustained transgene expression in murine lungs (unpublished data).
Finally, recent approaches to increase gene expression have incorporated strong viral promoters into newer generation vectors such as the AAV (1, 38) . Previous adenoviral vectors were limited because they elicited inflammatory host responses; adenoviral gene products also modulate viral promoters, such as CMV, that are incorporated into these vectors, thereby potentially influencing transgene expression (65-67). AAV vectors, however, direct longer du-ration expression of desired genes with less host immune responses, but they have limited packaging capacity for exogenous DNA (3). These limitations have led to interest in identifying core promoters that are of sufficient strength and yet are small enough to allow for AAV packaging. The CCT␣ promoter is relatively small in size (240 bp) compared with several promoters tested in this study; the SV40 (203 bp) and TK (163 bp) are of comparable size but exhibited much less activity in MLE cells. Indeed, in preliminary studies deletion analysis of the proximal 5Ј flanking region of murine CCT␣ gene reveals that a smaller 208-bp promoter fragment retains all of the core promoter activity (data not shown). Thus, such studies defining the optimal molecular properties of the CCT␣ sequence that confers regulatable expression of desired genes in vivo within the context of viral packaging might prove invaluable in gene therapy.
